
5 . RESULTS

5.1, Non~Fluxed Reactions

Experiments were carried out to examine the effect on the 

manganese recovery1 with time on the initial temperature as 

measured by the control thermocouple for temperatures of 1450°,

1500°, 1550° and l600°C . Figure 35 shows that the initial temperature 

had little effect on manganese recoveries and the reduction reaction 

appeared virtually complete within a few minutes from the start of 

the reaction. The ratio of plant alloy to non-fluxed ore was chosen as

1 to 2 because this ratio approximates that used industrially, A 

ratio of 6, 7 to 10 would be required to supply the stoichiometric 

amount of silicon in the 22,46 per cent Si ferromanganese-silicide 

required to reduce all the manganese and iron oxides to the metallic 

state, ■

There were no marked increases in manganese recovery from 
the slag to the alloy phase with increasing temperature, This was 

probably due to the exothermic reaction giving the initial temperature 

increase discussed in Section 4, 6, which made it difficult to distinguish 

between the effect of variations in initial furnace temperature as 

measured by the control thermocouple, Thus the initial temperature 

of the control thermocoup,la was held constant at 1S00°C and all 

subsequent experiments were performed at this temperature.

Figure 36 compares manganese recoveries and final alloy 
silicon contents for the standard reaction time of 15 minutes when both 

stoichiometric and standard silicon additions are used in the form 

of plant alloy,

5, 2, Fluxed Reactions

The use of lime or magnesia as fluxing additives has been shown to 
increase the activity of MnO in a manganese - bearing slag, In plant 

operations, about 20 mass per cent of lime is added to the manganese 

ore and for a particular alloy - to - ore ratio,the use of fluxes gives
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Figure 35 Manganese recovery with time for various initial Reaction temperatures,



Figure 36, Effects of variations in the alloyioye ratio on the change in manganese recovery 

with time at 15QO°C,



greater manganese recoveries and lower silicon levels in the 

final alloy as shown in Figure 37, ’ —

A comparison of manganese recoveries for the non-fluxed 
reduction and the reduction for stagewise lime additions is shown in 

Figure 38 for reactions using stoichiometric amounts of nlant silicide, 

An increase in manganese recovery of about 5 mass per cent is noted 

after Bminutes when 20  mass per cent CaO is introduced to the 

system. No further significant increase in recovery is shown 

beyond this time and the reduction reaction appeared to be substantially 

complete after 15 minutes,

Reaction times of 15 minutes were chosen for subsequent 

experiments but during these small scale experiments with stagewise 

lime additions, temperature control of the reacting melt was difficult 

due to the introduction of a relative large m ass of cold lime, This led 

to lower melt temperatures and lower manganese recoveries when 

compared to the lime - ore premelt practice,

CaO additions were varied at differing alloy - t o  - ore ratios to 

establish the extent of manganese reduction from slags contacted with 

different alloys and containing different amounts of flux, These results 

are shown in Figure 39 In the high alloy « to - ore ratio reactions, 

as the lime addition is increased, there is a corresponding increase 

in manganese recovery, However with low alloy - to * ore ratios, 

as the lime addition increases the manganese recovery passes through 

a maximum, In aH of these reactions there is a decrease in final 

alloy silicon concentration with increasing CaO content of the slag,

■Experimental work on the effect of replacing CaO by MgO was 

Carried out to determine the effect of partial or total replacement of 

CaO by calcinod dolomite, Fluxing of the reduction reaction by the use 

of MgO alone was also considered.

Two values of recovery are shown in Figure 40 but for the addition 
of more than 20  mass per cent MgO, it was not possible to melt 

the Mamatwan ore « MgO mix even at a temperature of 3S50°C,

These two recovery values do indicate that the effect of increasing



Figure 37. Reactions at lSOO°C for a plant alloy-to«ore ratio of 1 to 2
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Figure 38. Variation of manganese recovery with time using a stoichiometric amount of FeMnSi,
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Figure 40. Effect of CaO-to-MgO ratio on manganese recovery,
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Figure 41, Silicon and carbon content of the final alloy corresponding 

to the manganese recovery shown.
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Figure 42, Comparisons of manganese recoveries when lime and calcined dolomite are 
used as fluxes,
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Figur© 42, Comparisons of manganese recoveries when lime and calcined dolomite are 
used as fluxes,
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MgO additions is to increase the manganese recovery, although 

it can be observed in Figure 40 that at any level o£ flux addition, as 

MgO replaces CaO there is a decrease in the manganese recovery.

Figure 41 shows manganese recovery as a function of the •

CaO - to - MgO ratio at a constant flux addition of 40 mass per cent.

There is a decline in manganese recovery when the CaO - to - MgO ratio 
falls below 3.

The final fluxing addition was a calcined dolomite of the 

Transvaal Dolomite Series, The analysis of this calcine is given 

in Table 3. Figure 42 compares manganese recoveries when both 

lime and calcined dolomite are used as fluxes at two different alloy «• 

to - ore ratios, For any particular alloy - to - ore ra,tio, calcined dolomite 

gives a slight loss in manganese recovery corn,pared to the corresponding 

amount of CaO. If an alloy - to - ore ratio of 1 to 2 is used as in 

industrial practice, the difference in recoveries is only about 2 mass per 

cent and so use of dolomite might well be economically feasible 

provided it results in a fluid slag and easy arc furnace operation.

. 5 .3  Reactions Involving Variations in the Mass and Composition of 

Reducing Alloy

Manganese recovery increased progressively as the mass of the 

industrial ferromanganese-silicide alloy was steadily increased as 

shown in Figure 43. Figure 44 shows the manganese recoveries and 

final alloy silicon levels obtained for variations in the silicon 

content of the alloy for an alloy - to « ore ratio of 1 to 2, The 

corresponding iron * to * mangrnese ratios for these synthetic 

alloys are shown in Table 5 and all experiments were conducted at 

1500°C for 1,5 minutes,

Data for the silicofchermic reduction of Mamatwan ore at 
increasing alloy -> to « ore ratios are given in Figures 45 to 49,

Figures 45 ar ”, 46 show the recoveries of manganese when various 

grades of ferromanganese silicide and ferrosiiicon are used, In 

both cases maximum recovery is achieved for a 60 mass per cent



TABLE 5

SYNTHETIC FeMnSi REDUCING ALLOYS

Silicon {%) Fe-to-Mn ratio

5 0,118
10 0,1?5

' 15 0,134
20 0,143
30 0,167
40 0,200
50 0,250
65 0,400
80 1,000
90 0,000

100 0,000

silicon alloy. This substantial change in manganese recovery is 

even more marked when silicon metal is used as the reducing 

agent (Figure 49).

Fo r  small amounts o£ reducing agent, a steady increase in 

manganese recovery is obtained with increasing initial mass of silicon, 

Xn these cases, separation of the slag and alloy is very good and a very 

dense alloy is produced. F o r  additions of more than 5, 5 grams of 

silicon, a decrease in manganese recovery is accompanied by poor 
separation of the slag and alloy and the alloy becomes more spherical. 

This phenomenon is illustrated in Figure 50 . The large scatter 

in experimental results around this transition range suggests that 

manganese recoveries are very sensitive to small alterations in 

experimental conditions.

The use of aluminium as reducing agent together with silicon 

was investigated by reacting Fe«Mn~Si«Al alloys with a lime- 

ore melt containing a GaO addition of 20 mass per cent, The mass 

of silicon was kept constant and the* aluminium content was varied.

For a constant mass of silicon the ratio of manganese in the ore 

sample to silicon in the alloy is initially set at a value equivalent 

to that used industrially, From  the variation of the aluminium content



Figure 43, Increase in manganese recovery with time for increases in plant alloy-to-ora ratio 
without fluxing additions at 1500°G,
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F ig u re-45, Comparison of manganese recovery using two £erromanganese«siiicide 

reducing alloys.
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Figure 49, The variation of-manganese recovery when silicon is used as reducing agent.
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(a) (b)

Figure 50. Final slag-alloy coxafigurafcion when silicon is used as the reducing agent at

a) low silicon^to-.oi'e ratios
b) high silicon*.to ore ratios! '
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Elgure 51 Manganese recovery related to aluminium addition, 

Samples contained the mass of silicon as used in the 
experiments with a 1 to t  alloy-to-ore ratio where a 

plant alloy was utilized (22, 46% Si) .



of the reducing alloy it is possible to determine the improved recoveries, 

Figure 51 shows the manganese recoveries and the residual silicon 

levels in the final alloys, Final alloy aluminium contents were not 

plotted as the maximum value was only O, 3 mass per cent,

5, 4 Stirring of the .Reacting Melt

Stirring of the manganese - bearing slag has been conducted 

for an unfluxed reaction using a plant ferromanganese silicide alloy. 

Figure 52 shows that there is a decrease in manganese, recovery with 

increased times of stirring. Stirring also decreased manganese 

recoveries at specific alloy silicon contents. There was no sign 

of physical entrapment of alloy particles in the final slag and 

the reductions in manganese recoveries by stirring cannot be 

explained on this basis,
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Alloy: ore s 1 : 2 
Temp, a 1500°C @ Stirred reaction 

o  Unstirred reaction

10 15

Figure 52. Effect of stirring on the won-fluxed reaction using plant f e r r omang ane s e - s ilicide





6 DISCUSSION :

6.1 Variables Affecting the Distribution of Manganese and Silicon between 

the Slag and the Alloy.

The many variables in the prodt'.fcion of medium- and low » carbon 

ferromanganese should be optimized to ensure that Mamatwan manganese 

ore is used efficiently, To carry out this optimization, it is necessary 

to study slag - metal reactions for the production of medium - and low - 

carbon ferromanganese. The present investigation was aimed at 

understanding industrial practice and the experiments were designed 

to investigate important aspects of plant practice as much as was 

possible in small-scale experiments in the laboratory, It was anticipated 

that the data obtained could then be compared and related both to 

industrial practice and to more theoretical aspects of this slag « metal 
reaction, • '

The slag « metal reaction involved a violent silicothermic 

reduction reaction which caused a rapid and uncontrollable increase 

in the temperature of the reacting melt, This rapid temperature 

increase and violettt reaction caused melt agitation which increased 

the rate of manganese transfer from the slag to the metal. However as 

it was impossible to maintain the melt temperature constant, no 

attempt was made to carry out a kinetic analysis of the rate of manganese 

and silicon transfer between the two phases,

6.1.1 Temperature

Considerable temperature variations were noted during the 

silicothermic reduction as shown in Figure 34 These texr perature 

variations must accelerate the rate of manga.^ sc * car ui’aa? between 

the slag and the alloy and the reaction reaches iinpai'ent eonilibrium 

within approximately two minutes from its cow e-r,cerr«.*• tfc, ‘Figure 

35 shows that manganese recoveries from the s l’.g Iffer m l ' 

marginally when the initial temperature at' auction is varied from 1450

93
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to 16Q0 °c ,'

(74)Daines and Pehlkev found that the rate of reduction of MnO

from basic slags by silicon dissolved in liquid iron for silicon

contents of up to approximately 4 mass per cent was controlled by

diffusion of manganese in the iron phase and that temperature had

little effect on the reduction rate. However, the tendency of increased

temperature to favour increased manganese recovery in the metal

may have been masked by evaporation in Daines and Pehlke's experiments.
(82)The influence of evaporation was reported by F ile r  and Darken' 1 

Who studied the equilibrium between blast-furnace metal and slag,

These workers found that at temperatures from 1500° to l6OO0C, 

manganese concentrations in the metal phase increased considerably and 

then started to decrease whilst the MnO content of the slag continually 

decreased, and Darken explained this observation by manganese 

evaporation from the metallic phase with very little loss of aluminium 

or iron even at l600°C ,

At 1600°C the vapour pressure of pure Mn (p° ) is approximately
~ (65) . , Mn0> Oiio atm, and if* the Fe-M n-Si system is considered to be

ideal then for a Fe *• Mn*Si alloy containing 65 mass per cent manganese

<X M n =  0

formula;
^ M n * ^  th® vapour pressure above this alloy is given by the

W X M l r  ° -  5 3 >  =  \ J X M n =  ° *  5 3 >  *  * >  6  1

Thus the vapour pressure established by the manganese above

the alloy is  O, 013 atm, (9, 38 mm, Hg), at l6 0 0 ° C a This vapour pressure

is very much greater than the vapour pressures of silicon or iron
above this alloy and thus selective vaporization of manganese may

have occurred. The manganese mole fraction in blast-furnace metal

is very much less than that in the Fe»Mn~Si alloy and this effect should
(82̂

be even greater than in the work of F ile r  and Darken ,

For reaction times of 60 minutes at various reaction temperatures, 
manganese recovery declines to approximately 35 per cent This 

slight decrease in r< ^.overy can possibly be partially explained by



manganese evaporation losses which ai‘e very difficult to determine 

iii this two-phase system during reaction*

The observed decrease in manganese recovery over extended 

time periods may also have occurred because of the achievement of 

an apparent equilibrium for a higher temperature than the nominal 

furnace temperature, The silicothermic reduction reaction generates 

considerable heat within the reacting melt and the resulting increase in 

melt temperature means that the manganese recovery is at least 

partially dependent on the melt temperature, As the melt temperature 

gradually decreases, the apparent equilibrium shifts to that for the 

lower temperatures giving a lower manganese recovery. This type 

of behaviour has also been reported by F ile r  and D arken^^,

No obvious increase in manganese recovery to the metal phase occurred

during the fixed reaction time of 15 minutes for an increase in
otemperature from 1450 to 1600 G and therefore, as previously stated, 

1500°C V'as selected as tihe furnace temperature for all the 

subsequent experiments.

6, 1, 2 SJ.ag Basicity

The reaction for the recovery of manganese from a MnO rich slag

is

2 (MnO) + [Si] = (SiO^) + 2|Mn] ........... .... 6 .2

It is not possible to predict tile equilibrium distribution of manganese 

and silicon between the slag and the aUoy because of the lack of 

fundamental data on the activities of components in both the slag and 
the alloy phases!

(7)
Before the study of Warren aJL&i no information had been

published on the activity of MnO in the five •« component system

CaO“MlgO-MnO-Al9C,,"SiO„, However the quaternary system
(72)CaO-MaO»Al 0„~Si0- had been studied by Turkdogan and Mehta

(40  ̂ o oet a r  ' who determined MnO activities at 1500 C and 1650 C

respectively, The work of Warren et al gave values for the activity
of MnO for MnO concentrations up to 20 mass per cent in the

95



To determine the activity of MnO in slags used in the production 

of medium - and low - carbon ferromanganese, higher concentrations 

of MnO must be considered and at present activity data is not 

available at these higher concentrations. In addition data on the 

activities of components in the Fe-M n-Si and Fe-M n-Si-C systems 

have not been published.

To overcome the problems caused by this lack of fundamental data*
t /g 3 \

an apparent equilibrium constant K, has been defined
M n -o i

from equation 6, 2as

K = (Mn.O)y/1pI] .............  . . . .  .
Mn-Si ----- 6.

CaQ-MgO-MnO-AL^O^-SiC^ system.

where concentrations afe given in m ass fractions.

The apparent equilibrium constant depends mainly on the manganese

distribution ratio which is close to its equilibrium value in practice,
. (27)whilst the silicon distribution is far removed from equilibrium ,

Schenck et a l^ "  ^  used this apparent equilibrium constant to

study the distribution of manganese between Mn-.Si~Fe alloys and

MnO containing slags over the temperature range 1450 to 1550°G,

As the conditions in the slag-metal Study of Schenck et al correspond

closely to those in the present investigation, apparent equilibrium

constants can be compared, Schenck et a.l^^' found that

pseudo~equilibrium conditions were set up rapidly between the MnO

in the slag and the manganese in the metal phase and at a temperature

of 1500°C K. M varied from 8, 7 x 10"^ to 4, 2 x 10”  ̂ as the slag Mn-Si ■
basicity ratio increased from O, 6 to 1, 6. Slag basicity ratio: was 

defined as (GaO + MgOj/SiOg where all values of the concentrations 

of slag componsnts are expressed in mass per cent,

Detailed summaries of the silicothermic reduction reaction for the 

present investigation are shown in Tables 6 to 9 for considerable 

variations in the amounts and types of fluxing additions and in the
I

silicon contents of the Tables 6 to 8 show values of K. . 'for thisMn-Si
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investigation over a wider range of basicity ratios than that 

considered by Schenck^^’ The tables also show a lowering

in the apparent equilibrium constant with slag basicity increases 

where values are similar to the range reported by Schenck,

A summary of the effects of types and quantities of fluxing additions 

cm the apparent equilibrium reaction may be obtained from. Tables 

6 to 8, As the amount of basic fluxing component and hence slag 

basicity is increased at any particular alloy~to~ore ratio there is a 

decrease in the value of the apparent equilibrium constant.

The manganese distribution ratio is defined as (MnO)/ jMn] where 

(MnO) represents the MnO content of the final slag and [Mn| represents 

the manganese concentration of the final alloy and for the maximum 

recovery of manganese from a manganese ore this ratio should be as 

low as possible. Similarly, the silicon distribution ratio is defined 

as (SiO^)/ JjSiJ where (SiO^) represents the silica content of the 

final slag and [Sxj the silicon concentration of the final alloy. In a 

refined ferromanganese, the alloy silicon concentration should be low 
giving a high value for the silicon distribution ratio,

To meet market specifications, industrial processes for the 

production of medium - and low-- carbon ferromanganese must 

produce an alloy with a silicon content of less than 1, 5 mass per cent 

and a manganese content of approximately 80 per cent. At the same 

time manganese must be extracted from the ore as efficiently as 

possible.

In practice,' the silicon and manganese distribution ratios are 
ouch that these two conditions cannot be satisfied simultaneously.

The ferromanganese producer normally decides to produce a highly 

refined alloy and to accept a higher loss of manganese to the slag,

Hence, in industrial processes, it is more important to maintain 

high values of the Silicon distribution ratio than to maintain low 

values of the manganese distribution ratio provided that the manganese 

content in the alloy is maintained at approximately 80  per cent.

Figures 54 so 56 from the data in Tables 6 to 8 respectively show

io o
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Basicity ratio, CaO + MgQ 
SiOjr

Figure 55, Effect of the replacement of CaO by MgO on th.6 manganese

distribution and silicon distribution ratios for a reaction with ' •
an ailoy-to-ore ratio of 6 ,7  to 10. ^
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that a higr, manganese distribution ratio is associated with. - , 

silicon distribution ratio whilst a low manganese distribution * * 

is associated with a high silicon distribution ratio. These figu- 

again illustrate the deci*ease in the value of the apparent equiliu ' * 

constant as the basicity ratio of the final slag is increased by CaO 

and / or MgO additions at a fixed alloy - to - ore ratio. High basicity 

ratios give low manganese distribution ratios although it is possible 

that this effect is caused by the decrease of the final MnO content 

of the slag owing to fluxing additions. Figure 54 shows that with 

increasing alloy - to - ore ratios, both the manganese and silicon 

distribution ratios decreased as the CaO flux additions W’e re increased.

Tables 7 and 8 indicate that for a decrease in the CaO~to~MgO ratio 

there is an increase in the apparent equilibrium constant at any given 

flux addition. This increase suggests that a higher manganese distribution 

ratio is obtained although dilution of the MnO in the final slag does 

lower the manganese distribution ratio if large amounts of flux are 

used. Figure 55 shows that the manganese distribution ratio decreases 

for increasing CaO«to-MgO ratios with a stoichiometric amount of 

silicon in the reducing alloy.

As CaO is replaced by MgO, there is a decrease in the silicon 
distribution ratio for all the levels of flux additions investigated.

As the amount of flux is increased the silicon distribution passes 

through a maximum which indicates that there is a particular 

range of basicities for efficient silicide refining. This final slag 

basicity range extends from a value of 1, 3 at low values for the 

CaO~to«. MgO ratio to a value of 1, 6 at a high CaO -MgO ratio, No 

maximum was observed in the silicon distribution ratio when pure CaO 

was used as a flux and it can therefore be concluded that the MgO 

addition has a substantial effect on the silicon distribution ratio when 
large quantities of flux are used.

For large flux additions which reduced the CaO-t'o-MgO ratio 
there was a marked decrease in the silicon distribution ratio which 

may be attributed to an increasingly less favourable reaction, This
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decrease is considered to be caused by an increase in the slag liquidus

temperature and hence in slag viscosity as the MgO content of the slag

is increased to above lO mass per cent. No data was found for

liquidus temperatures in the system MnO-MgO-Al-O^-SiO,. except
(7)that of Warren et al who used liquidus data for the system

CaO-MgO-Al^O^-SiOg^^ and showed that MnO in the quaternary

system usually slightly lowers the liquidus temperatures by 30 to

40°C  over the composition range investigated. Thus the MnO
concentrations in final ferromanganese slags are expected to lower

the temperatures of the liquidus surfaces in the OaO-MgO-Al^O^-SiO^

system without affecting the overall configuration or relationship

between the curvatures of these surfaces, The phase diagram shown
(84)in F i  ure 57 from Osborn et al' may therefore by taken as a 

reasonably good guide to the liquidus temperatures of slags on a 

recalculated basis where the slag MnO content is omitted and the ‘

concentrations of the other four components adjusted so that 

CaO + MgO + SiO,,* ~ Per

Figure 56 shows the relationships of manganese and silicon

distribution ratios to the basicity ratio of the final ferromanganese

slag for a 1 to 2 ratio of industrial ferromanganese - silicide to

manganese ore, This ratio is used in industrial practice when the

ferromanganese - silicide has a silicon content of approximately

22 mass per cent which is lowered to less than 1, 5 mass per cent

during refining, The manganese distribution ratio behaves similarly

as for the additions of pure CaO or for the alloy -.to-ore ratio of 6, 7

to 10, The silicon dist ribution ratio also passes through a maximum

which depends on the OaO~to*M.gO ratio of the flux. These plots

show that the optimum basicity ratio of the final slag lies between

1, 4 to 1, 8. Below a basicity of 1, 4 refining is poor when a high magnesia

flux is used and above a basicity of 1, 8 there is a marked decrease

in the silicon distribution ratio because of the formation of slag

premelts which have high liquidus temperatures in excess of

I600°C  for slag MgO contents greater than 12 mass per cent and hence

higher viscosities of approximately 0 , 2 6  Ns/m\t 1 5 0 0 °G ^ ^  compared
2  ■to the usual values of approximately 0 , 15 Ns/m ,



Figure 57, liquidus diagram for the l£> mass par cent A1„0 plane in the Ca0*M g0-Al_0„«Si0_
(34) • * 5 ' csystem after Osborn et al ,
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Comparison of Figures55 and 56 reveals that high alloy-to~ore 
ratios decrease the manganese distribution ratio and the 
silicon distribution ratio. Once again it must be stressed that the 
silicon distribution ratio is the most important factor in the production 
of a marketable ferromanganese alloy and this ratio should be . 
maintained as high as possible.

Figures 54 to 55 show the various distribution ratios and apparent 
equilibrium conditions obtained for the complete sequence of fluxing 
additions studies. An additional aspect which was investigated was 
the reactj * between an raifluxed manganese ore and a range of 
ferromanganese - silicide reducing alloys containing ut> to 100 mass per 
cent silicon. Comparisons of silicon and manganese distribution ratios 
give information on the optimum silicon content for the reducing alloy 
to extract manganese from its ore and to produce a refined alloy. 
Although plant practice will almost certainly continue to be based on 
the use of an alloy containing about 20 per cent silicon, the laboratory 
study considered different alloy - silicon contents to suggest 
alternative;' possil ‘ , J.es and to explore their theoretical implications.

The results of this study are shown in Table 9 and Figure 58

which are derived from Figure *44 in the "results,' The values of the
i

apparent equilibrium constant show that a slight increase in 
is observed as the reducing alloy silicon content is increased to 
65 mass per cent. However the manganese distribution ratio does 
not indue ate the extent of slag refining as the manganese content in the 
initial alloy was not kept constant (Table 5). The silicon distribution 
ratio decreases with increasing silicon content of the synthetic ferro -

* ^

manganese. Hence a loW silicon alloy should be utilised in the extraction 
process to produce the most refined alloy,

An unfluxed eilicothermic reaction using a 22, 46 mass per cent 
silicon alloy at an alloy »to~ ore ratio of 1 to 2 gives a silicon 
distribution ratio of approximately 9, as shown in Figure 54. To 
achieve this silicon distribution ratio when synthetic silicide alloys 
are used an alloy containing slightly in excess of 20 mass per cent 
silicon is necessary and this conclusion is in agreement with present 
industrial practice. Figure 58 shows the rapid decline in the
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silicon distribution ratio as the silicon content of the reducing alloy 
is increased from 20 to 30 mass per cent. This shows that to achieve 
the same composition of the refined alloy as in industrial practice 
with a silicide alloy con',; ' '* t almost 30 mass per cent silicon, 
the ratio of the alloy f anganese ore premelt must be lowered.

6,1',.3 Individual Fluxing Additions

6,1. 3,1 No Flux Additions

Figure 36 shows the effect of two different alloy-to-ore ratios on 
manganese recoveries and alloy silicon content for non - fluxed reactions. 
For a particular alloy-ta-ore ratio the resulting manganese and silicon 
distribution ratios depend on the fluxing components and the 
residual silicon content of the final alloy. To reduce all the 
manganese and iron oxides to manganese and iron respectively,, the 
stoichiometric amount of silicon required is that present in the reducing 
alloy for an alloy-to-ore ratio of 6, 7 to 10, In industrial practice the 
alloy-to-ore ratio is 1 to 2 to ensure that the required low silicon 
levels will be obtained in the low-carbon ferromanganese.

The values of the apparent equilibrium constant in Table 6 confirm 
that with lower alloy-to-ore ra,tios the silicon content of the final 
alloy is lower. During the reduction reaction the activity of the MnO 
in the slag continually decreases because its concentration is reduced
and, at the same time, the SiO content of the slag is increased, The

, 2+ activity of the MnO is lowered still further because the Mn ions in
the slag become associated with polyanions made up of silicate anions

4„ 2-1- SiO^ , and thus the number of less strongly associated Mn ions is
decreased and their effective ionic fraction is lowered, As the silica
activity is lowered, , the silicon content of the ferromanganese - silicide
reducing alloy is reduced until an apparent equilibrium is approached

i
between the ferromanganese alloy and slag. Thus the activities of the 
reacting components and thei** dependence on slag and metal compo sit ions 
must be studied to establish the nature of the final apparent equilibrium.

r



6,1,3, 2 Alumina ^

The composition of the slag premelt will chap^e '■-ecause of dissolution
of A l„0 „ and it is necessary to discuss the effect oi Al~0„ additions 2 3 c 3
on the activity of MnO in the slag, the slag viscosity and the slag 
liquidus temperatures. It has already been maintained that, for a constant 
concentration of MnO in the hlag, at a fixed value of the CaO«to-MgO 
ratio (4, 57) and. at final values of basicity ratio over the range O, 91 to
1, 66 , there is very little change in the activity of MnO for changes in 
A1 O , concentration from lO to 20 mass per cent.

hrt O
In addition, there is no appreciable change in the liquidus temperatures

over this composition range for the quaternary system CaO-MgO-AUO -
!<f\ 3

SiOg , Similar trends occur when MnO is present in the system' ’
i

. although the slag liquidus temperatures are generally lowered.
• ’ ■ ■ . . (85) .....  — . -

Al^O^ has been shown by Woollacott et al to have an
insignificant effect on the slag viscosity, However it was shown that 
Al_Ort does affect the influence of the basic oxides on the viscosity. 
Woollacott et al found that for slags similar to those produced industrially 
in the low~carbon ferromanganese process (5 mass per cent MgO, 30 
mass per cent MnO and CaO«to»MgO ratio of 1,25) the slag viscosities

?measured at 1500°C, were 0,11, 0,15 and 0, 21 N s/m J as the slag 
SiOg content increased from 27 to 32 and to 37 mole per cent respectively.

* t *
6. It 3. 3 Lime ;

CaO is extensively utilised in the production of medium - and low- carbon
ferromanganese to increase the activity coefficient of MnO and to

i

reduce the slag viscosity by breaking up the silicate network, However
excessive CaO markedly increases the slag liquklus temperatures and
the slag viscosity is increased at any constant temperature with the
consequence decrease in the rate of reduction. The effect of increasing
CaO concentration on slag liquidus tempo rat urea is illustrated by the
quaternary system CaO^MgO^AlgQ^SiOg^^' (.Figure 57) which shows
that at slag MgO contents of less than 15 mass per cent, increasing the
CaO content of the slag from 40 to 50 mass per cent increases the

O O 'slag liquidus temperature from approximately 1300 C to 1450 C.
Further increases in the CaO content in the slag, particularly at slag , 
MgO contents of less than 10 mass per cent, result in sudden incx’eases 
in the slag liquidus temperature to above l600°C at CaO contents of 
55 mass per cent.



The activity of MnO should be maintained as high as possible throughout 
the reduction reaction to efficiently extract manganese from the manganese 
ore premelt , During the reduction reaction, the MnO activity in the 
slag is continually decreased because of the presence m the slag of
SiO^~ ions and the polyanions which are then associated with the Mu'

^  2 -  ‘ and O ions from the MnO.

. 112

2+

. . % ’ CaO is the more basic oxide .. and when it is introduced into the
2 (86) ■ ' slag system it liberatesmore O "ions than MnO' 1. The SiO, ions

2+and other polyanions associate preferentially with Ga ions and the 
activity of the MnO in the slag is increased. An indication from studies 
on solid state systems that this preferential’ association may take place 
is the more negative standard free energies of formation of calcium 
ortho- and metasilicates compared to that of manganese metasilicate 
(Equations 3; 12, 3 “ 15 and 3* 16),' *

The activity of a' component in a multi-component system is 
related to Its activity coefficient and mole fraction by the formula:

• a * If N '6.'4

X

 v  V*>»

where a  ̂ s activity of a component x for a particular standard state,
= activity coefficient of component x, 

and N « mole fraction of component x.5C

Increases in the concentration of CaO in th,e slag increase the 
activity coefficient of MnO in the slag melt at any particular concentration 
of MnO, At the same time, increases in GaO additions to the slag 
containing MnO will decrease the mole fraction of, MnO. Thus although 
CaO additions increase the activity coefficient of MnO, if excessive CaO 
additions are made the MnO activity may be lowered,'

An unfluxed stoichiometric reduction reaction and a reaction fluxed '
with CaO are compared in Figure 37. For a reaction time of 15 minutes,
the basicity ratio (CaO+MgO)/SiO,, of an unfluxed Mamatwan ore melthi
is decreased from 3, 5 to less than O, 7, A slag basicity ratio of O, 7

, 2+ 4.favours the association of Mn ions with SiO^ ions and other plyanions

MW— ■»»»!— WIT mi»■«■»»in ................................. ...............  yinKiiiniimnnniwifMiiiinniiwjiiiiyiiH iaiin a»»»«nliwn»»«Mii»'»w p m wi«i»»— mwww j umtiimiwrt.? .......................................... ....... ..... ........

* It should be noted that the concept of slag basicity for reactions involving
2 ' 4 1 4

O ions may require iurther examination m  view of Wagner' & recent 
critical analysis of this concept^^.



and leads to an eventual decrease in the rate of manganese recovery 
so that this recovery tends towards a constant value.

A GaO addition of 20 mass per cent permits the establishment 
of more favourable manganese and silicon distributions because of the 
increase in the MnO activity of the slag, For fluxing additions of 20 
mass per cent, the slag basicity ratio (CaO+MgO)/SiO changes from

I7, 4 to 1, 45 as the reaction progresses. The final slag basicity value
of 1, 45 is in good agreement with the values of 1, 3 to 1, 5 in industrial 

. (88). . practice , The manganese recoveries of 40 per cent and alloy silicon
contents of 1,0 mass per cent are also in good agreement with the
values of 45 per cent and O, 8 mass per cent obtained industrially^®^.

It has been suggested that in the melting of manganese ores, for 
subsequent reduction by ferromanganese - silicide, flux additions need 
not be made to the arc furnace immediately at the start of melting.
A suggested procedure to minimize power costs and flux consumption 
would be to tap the furnace content of molten manganese ore into a 
reaction ladle, add reducing agent as solid ferromanganese - M Hcide 
and then add lime or dolomite in stages to complex the SiO  ̂ formed by 
the reduction reaction, The heat for the dissolution of the flux would 
be provided by the exothermic reduction reaction.

In the experimental study of the effect of stage-wise additions of 
CaO an unfluxed reaction with an alloy-to-ore ratio of 6, 7 to 10 was 
permitted to continue for 5 minutes before flux was added, A temperature 
drop of approximately 20°C was recorded by the thermocouple at the 
top of the crucible wall* but the change in melt temperature would have 

<
been greater. Hence the CaO was not completely dissolved and the 
manganese recovery decreased compared to that for a lime * ore melt 
as shown in Figure 38, Consequently it is difficult to compare recoveries 
obtained from- stage«wise CaO additions and lime - ore premelts in ■
small scale experiments unless care is take ft to preheat the CaO and 
thus eliminate cooling of the melt. In these small scale tests,, the ' 
excess heat generated by the exothermic reduction is not sufficient to 
maintain the melt temperature at a fixed value if cold fluxing additions 
of the order of 20 mass per cent, are introduced to f.he reaction melt,

. 113



A similar effect might be observed on an industrial scale,.
114

Figure 39 illustrates the effect of variations in CaO additions 
on the manganese recovery from the slag.' For the reaction with the 
lowest alloy^to-ore ratio of 1 to 2 very low concentrations of silicon 
•in the final alloy are obtained, From the data of Tolstoguzov^^ for 
the Fe*.Mn~Si~C system,correspondingly low values for silicon 
activity can be expected. The manganese recovery plot relating to the 
low alloy ~ta~ ore ratio practice passes through a maximum in recovery. 
For increasing additions of CaO the present investigation indicates that 
there must be an increase in the values of MnO activity in the slag 
below additions of 12 mass per cent. However at higher additions of 
CaO, although the activity coefficant of the MnO will be increased^, 
lowering of the mole fraction becomes the predominent influence upon 
activity of MnO which is decreased. The activity of the silicon in the 
reducing alloy is low because of the low mole fraction of silicon and 
hence manganese recovery tends towards a constant value,'

For higher alloy 4 o ** ore ratios t*h& e vlivity o£ MnO will eventually 
docvouse because of excessive CaO additions but the silicon activity 
la the alloy is sufficiently high to drive reaction 5,' 5 closer to equilibrium.' 
Silicon activity coefficients are essentially constant in the Fe-.Mn~Si.-C 
system and values of -log ^  lor alloys containing 1, 5 and 15 mass _ 
per cent silicon have boon reported as 1, 55, 1, 82 and 1, 48 respectively^ ,' 
Consequently activity values of silicon in the Fe«MiuSi*G system vary 
almost directly with the silicon mole fraction,'

Substantial increases in the slag liquidus temperatures do not 
occur at these high levels of CaO addition,' This can be inferred from 
the quaternary system CaO-MgO-AlgOg^SiOg given in Figure 57*
During the present investigation the CaO content of the final slag 
reached a maximum of 41 mass per cent, On a recalculated basis, ■
when the slag MnO content is ignored, the maximum CaO content is 
approximately 47 mass per cent and the MgO content is approximately 
7 mass per cent, The liquidus temperature corresponding to this slag 
composition in the quaternary CaQ^MgO-Al^O^SiOg system is 1500°C 
and with the introduction of MnO to the four component system slag 
liquidus temperatures will be lower,'
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6,1. 3. 4 Magnesia

MgO is similar to CaO in its effect on the activity of MnO in a 
manganese slag premelt, MgO is also a'networlc modifier' as it
reduces the average size of silicate polyanions in a slag, The

2(4“ 4*Mg ions preferentially associate with SiO^" ions and increase
the number of less strongly associated Mn ions and as a result/
the activity coefficient of the MnO is increased. Equations 3,12 to
3,17 show several standard free energies of formation in the .solid
state which indicate with the higher basicities of CaO and MgO than
of MnO that there should be a tendency for Ca^and Mg^* ions to
be preferentially associated with SiO^“ ions and other silicate
polyanions such as SigO?*" and SijO^3" The number of loss strongly
associated Mn2"* ions in the slag will be increased with a corresponding
increase in the activity coefficient of the MnO in the slag.

As CaO is replaced by MgO for a particular mass per cent of flux,
there is an increase in the mole fraction of hasic fluxing components
due to the lower molecular weight of MgO compared to CaO. Hence
the mole fraction of MnO in the slag is reduced although no dilution has
occurred on a mass per cent basis,' Thus although increased MgO

h)
additions increase the activity coefficient' 1, the MnO activity does not

' (7)necessarily increase* Warron efc al v ; found that for any given Al^O^ 
and SiOg, content the activity coefficient of MnO decreases as MgO 
replaces CaO on am ass pea? cent basis at high SiO  ̂ levels,* In the 
more basic slags such fes those encountered an the production of 
refined ferromanganese the activity coefficient of MnO increases initially 
from approximately X, 0  to 2, 2 until the ratio of mass per cent CaO to 
mass per cent MgO reaches about 4. These authors, however* indicate 
that the increase in the activity of MnO is small in comparison with 
the effect of increasing basicity,’

Increased concentrations of MgO from 5 to 10 mass per cent
in slags associated wi«h medium •« and low « carbon ferromanganese

2 o *production, lower slag viscosity from O, 23 to O, 21 Ns/m at 1500 C.
However, a limit to MgO additions is experienced at about 10 mass per

ocent and therefore the slag viscosity,measured at 1500 C, increases to
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' 2 , (85) .
Oj 26 Ns/m for 18 mass per cent MgO ,

The reduction in slag viscosity for increased MgO contents in the
(85)slag was shown by Woollacott etjir ' to be less when SiO« was

replaced by Al 0 o at low concentrations of MnO in the slag. At ̂ 3
high MnO concentrations a a the slag Al^O^ content increases from 
10 to 16 mass per cent, the alag viscosity increase with increased 
MgO content is less marked,

The present study considered the effect of replacing CaO by MgO 
to perhaps eventually replace CaO completely or partly with calcined 
dolomite, The use of dolomite, which is abundant in South Africa* 
could lead to vast savings in raw material costs if dolomite proved 
satisfactory, in practice,

Figures 40 and 41 show results obtained in this investigation,'
The use of .high alloy - to «. c :*a ratios gives increased slag refining 
at any level of flux addition, However, with, increased -fluxing, 
a recovery maximum is achieved at alloy « to » ore ratios of 1 to 
Z and 6, 7 to 10. The maximum in manganese recovery was also found 
to occur during the investigation of the effects of CaO additions on 
manganese distribution.

When MgO is us&d as a flux, manganese recovery was increased as 
Shown in Figure 40 and this effect can bo explained lay an increases in 
the MnO activity of the slag^ ,' For fluxing additions of more than 20 
mass par cent MgO, it was not possible to molt the Mamatwaa oro » MgO 
mix even at a temperature of 1550°C,'

When MgO replaced CaO the manganese recovery always declined
at a fixed flux addition,' This is because the mole fraction of MnO was
lowered as MgO was substituted for CaO since MgO has a lower molecular

(7)Weight than CaO, As mentioned previously, Warren, ©tjar ' have shown
a slight increase in the activity coefficient of MnO as MgO replaces 
CaO, but as the mole fraction of MnO decreases with increasing MgO 
additions, it appears that the product of the MnO mote fraction and 
activity coefficient results in a decreasing activity of MnO with increasing 
MgO additions,



For large basic fluxing additions, increased liquidus temperatures 
and viscosities hinder the silidothermic reduction. For low alloy « to •> 

ore ratios this effect was observed, at all ratios of CaO - to - MgO. and 
was . also noted when CaO was used as the flux,

For the higher alloy - to - ore ratios of 6, 7 tc 10 this decline 
in manganese recovery at particularly high flux additions became more 
obvious as the CaO - to « MgO ratio was lowered* The final slags 
produced by such additions contained MgO concentrations of between 
12 and 19 mass per cent MgO and as previously stated these slags 
are associated with high slag liquidus temperatures and viscosities^ ’

Slags associated with low « and medium - carbon ferromanganese 
production will contain SiO^ concent rations of approximately 35 mass 
per cent when recalculated on a mass per cent basis thus eliminating 
the MnO,* Figure 57 shows that CaO can be used up to concentrations 
of IS mass per cent at SiO„ and AL,00 concentrations of 35 and, 15 mass2 » -a
per cent respectively,' However, when the MgO concent ration approaches 
20 'mass per cent the liquidus temperature increases to approximately 
1500°C, Additions of CaO and /or MgO at this slag SiO^ concentration 
give sudden increases in slag liquidus temperatures, Viscosity will 
Increase with marked increases in the liquidus tampsrafcur© because 
the super heat of the slag will be less at any particular temperature,'

When a stoichiometric amount of ferromanganese - silicide is 
used and the fluxing addition is kept constant; at -40 mass per cent, 
it should be possible to optimise the manganese recovery by varying 
the CaO « to « MgO ratio,’ This effect is shown in Figure 41 and the 
maximum manganese recovery was 58 pcrr cent,' The marked decrease 
in the manganese recovery is duo to the increased liquidus temperature 
as may be shown by considering the quaternary CaO ~ MgO « Al^Og - 
SiOg system, Variations in the CaO « to - MgO ratio from 7 to 1 at 
this flux addition level lead to increases in the final slag liquidus 
temperatures’' from 3.500°C to 1750°C^84\' The MnO in the slag will 
lower these liquidus temperatures but only by a very small amount.

Vast reserves of dolomite exist in South Africa and if possible more 
use should be made of such deposits in the metallurgical industry, Dolomitic 
ore almost certainly can be blended with limestone or burnt lime to giva
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the flux composition necessary to ensure maximum manganese 
recovery and this effect, has b-sen demonstrated in the laboratory., 
However in industrial practice, the problems associated with higher 
slag liquidus temperatures and hence increased losses of manganese 
as manganese vapour and increased refractory wear, cannot be 
assessed at present.

In laboratory experiments, the calcined dolomite used was from 
the Transvaal Dolomite Series which is typical of dolomites in South 
Africa. The composition of this calcine is given in Table 3 and the 
ratio of the basic fluxing component's CaO * to - MgO is 1, 6. Figure 
41 shows that manganese recoveries achieved with fluxing additions 
of 40 mass per cent of calcined dolomite are very near to the manganese 
recoveries obtained by varying the CaO - to - MgO ratio at constant 
flux addition of 40 mass per cent. Only a small increase in manganese 
recovery can be achieved over and above this value and this is'- 
obtained by increasing the CaO - to - MgO ratio from 1, 6 to 3 ,0  at a 
level of flux addition of 40 mass per cent.

This small decrease in manganese recovery occurs over a wide 
range of fluxing additions Wften comparisons are made between the 
use of lime and calcined dolomite, This decrease is explained by the 
increased slag liquidus temperatures and consequent increases in 
viscosity as well as the decrease in the activity of MnO at a particular 
level of flux addition when calcined ’ dolomite additions are compared 
with CaO additions. The increase in slag viscosity and decrease in the 
activity of MnO in the slag is caused by the introduction of the MgO 
in the dolomite, The decline in manganese recovery with the use of 
calcined dolomite is not severe and can be tolerated provided manganese 
losses to the slag can be offset by favourable costs of fluxing materials

tv
coupled with efficient operation of the arc furnace used for the premelt 
preparation. ‘

When CaO and MgO are compared as fluxes it is apparent that CaO
is the superior flux for the ranges of slag concentration encountered in

i

the production of medium « and low - Carbon ferromanganese. However, 
the use of MgO does not substantially decrease manganese recoveries
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provided that not enough is used to dramatically increase the liquidus 
temperatures of the slag',. Similar precautions should be taken when 
calcined dolomite is used as a flux addition.

6.1. 4 Composition and Quantity-of Reducing Alloy

Various grades of medium - and low - carbon ferromanganese are produced 
industrially. These grades are specified by their concentrations of 
contained manganese, carbon and silicon but generally these alloys 
contain in excess of 80 mass per cent manganese and less than 2 mass 
per cent silicon. As indicated in Section 6,1. 3.1, the silicon and 
manganese distribution ratios during refining and specifications 
for the refined alloy limit variations in reducing alloy compositions and 
quantities,

Ferromanganese - silicide is the most commonly used reducing 
agent for the recovery of manganese from its ores, However* to reach the 
specified composition of the final alloy , industrial practice is to 
use alloy *■ to « ore tatios less than the stoichiometric requirements, 
Consequently, in a single stage process, large amounts of manganese 
are lost to the final slag which contains between 30 to 35 mass per 
cent MnO compared to its initial concentration of approximately 50 
mass per cent MnO, When an industrial ferromanganese - silicide 
reducing alloy containing 2<J, 46 mass per cent silicon is reacted 
with an unfluxed Mamatwan ore premelt, whose composition is given 
in Table 3, an alloy ■» to ~ ore ratio of 1 to 2 is required to simulate conditions 
of industrial practice whereas 6, 7 to 10 corresponds to the stoichiometric 
quantity of silicon necessary for reaction.

Plant ferromanganese silicide alloys can contain up to 25 mass per cent 
silicon. The production of alloys with higher silicon contents produces 
slags containing high concentrations of SiÔ , and the submerged - arc furnaces 
must be operated at higher temperatures, However, this investigation 
made use of alloys with higher silicon contents than 25 mass per cent 
as well as alloys with aluminium additions in order to extend the study 
to a wider range of alloy compositions and to explore the practical 
possibilities and the theoretical implications of the use of these alloys.



120

i « * • .
6,1. 4.1 Silicon Activities in Reducing Alloy,

High activities of MnO in the slag and of silicon in the reducing 
alloy are necessary to maximise the transfer of manganese from 
the slag to the alloy. In a single - stage silicothermic *e action for the 
production of medium - and low - carbon ferromanganese, the permissible 
range of activities is limited by the necessity to '"•ain a refined ferro - 
manganese alloy which will meet market specifications.

. V " .

Ferromanganese - silicide is the alloy used industrially for the 
silicothermic process although other alloys containing silicon could be utilised. 
Industrial ferromanganese - silicide contains carbon and very little 
data is available for activities in the ternary system Fe-Mn-Si and 
apparently none for the quaternary system Fe-Mn~Si~C.

' r ’ Extensive work of the activity coefficients of silicon in the 
Fe-Si system has been reviewed by D a r k e n a n d  Fruehan 
Activity coefficients for silicon in the ternary systems Fe-Si-C 
and Mn-Si-C have also been obtained at carbon saturation,
Comparison of the Unary Fe*Si and ternary Fe-Si-C systems 
indicates that at any silicon content the activity coefficient of 
silicon is increased when carbon is introduced into the binary system 
at 1500 , At the same temperature and silicon concentration the 
activity coefficient of silicon in carbon-saturated Mn-Si melts is much 
higher than that in carbon * saturated Fe-Si melts,

Three values have been published for the activity coefficient 
of silicon in the quaternary system F e -M n -S i-C ^ ,’ When these values
are compared with values obtained for equivalent silicon concentration in

. (53) ‘the Fe-Si system it is noted that the respective activities are
similar up to a silicon content of 15 mass per cent. Data relating
to silicon activity coefficients at higher silicon content has not been
published.
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Figures 43 to 48 show the effects on manganese extraction from a 
non-fluxed Mamatwan ore of variations in the alloy - to - ore ratio, 
silicon content of the reducing alloy and reducing alloy components.
For a particular reducing alloy and an increased alloy « to -ore 
ratio,"the manganese recovery will usually increase because a higher 
silicon activity is maintained throughout the reduction reaction. As the 
alloy mass is increased there will be less dilution of the alloy silicon 
content at aty particular manganese recovery, and hence a smaller 
decrease in the silicon atomic fraction, so that a higher silicon 
activity will be maintained during the reaction. This is also the case 
for reactions in which the silicon content of the reducing alloy is 
Increased at a fixed alloy - to - ore ratio.

Figures 44, 45, 46 and 48 show that increased manganese 
recoveries are not obtained when the reducing alloys contain high 
concentrations of silicbn and high masses of. silicon in relation to 
the mass of manganese in the slag, Similar behaviour is shown in 
Figure 49 when pure silicon is used as the reducing agent, The decline 
in manganese recovery after the maximum recovery in each figure 
is associated with pool* separation of the slag and the alloy and 
with a tendency for the alloy to become more spherical as shown in 
Figure 50. This phenomenon cannot be ascribed to the activity of 
silicon in the Fe-.Mn-Si-C system as all available literature, relating to 
associated alloys, show an increase in silicon activity coefficient with 
concentration.

The tendency of the reducing alloy tu - come spherical must be 
caused by variations in the intei’facial tension between the slag and 
the alloy. The interfacial tension could be altered by the formation of 
a layer of solid silica oft the surface of the alloy, This solid layer 
hinders the diffusion of reacting components across the slag-metal 
interface and reduces the rate of manganese transfer between the slag 
and the metal, When the reduction reactions were allowed to continue 
for periods of 45 minutes, the manganese recovery increased but 
at a slowed rate, This decrease in reaction rate is consistent with
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the hypothesis' of the formation of a sclid layer at the slag-metal 
interface which gradually dissolves in the slag so that the reaction 
continues at a reduced rate. Calculation of the conditions for the 
formation of a solid layer using the equation

[Si] + 2[o] = (SiOz){s) 6.'5
art not possible because of the lack of data on silicon activities in 
the alloy.

The decrease in i.uanganese recovery after the maximum in the curves 
has been reached is due to the combined effects of the decrease in 
surface area between the alloy and the slag with the formation of an 
intermediate layer between the slag and the alloy, This effect occurs 
with increasing silicon contents in the alloy (Figure 44), increasing alloy - 
to*ore ratio (Figure45), increasing silicon content of ferrosilicon 
(Figure 46), increasing alloy-to-ore ratio of ferrosilicon (Figure48) 
and increasing mass of ferrosilicon (Figure 49),

Although the effect requires much more detailed examination as is 
indicated in Section 6, 3 on future work, it is possible to make the 
following general comments. There are two effects demonstrated by 
Figures 44, 45, 46* 48 and 49 . These are that the abrupt decrease 
in manganese recovery is associated with the mass of the alloy through , 
an increase in the alloy-to-ore ratio (Figures 45, 48 and 49) or with 
an increase in the activity of silicon in a constant mass of alloy 
(Figures 44 and 46),

If a solid layer does form on the surface of the alloy, the effect of 
increased alloy masses could well be to make this solid layer formation 
more likely , because the stirring in the larger alloy mass may be 
reduced. If the stirring in the alloy is reduced then the flux of silicon 
from the bulk of the alloy to the slag-metal interface will decrease and 
oxygen will diffuse into the bulk of the alloy to react and form solid 
silica. The rate of formation of solid silica is greater than its rate, of 
dissolution in the slag. •

If the activity of silicon in the alloy is increased, then reaction 6, 5 
may proceed so quickly that it is not possible for the solid silica to be
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immediately dissolved in the slag,

These comments are highly speculative and the inability to explain 
the observed phenomenon in a more quantitative manner means that

u
further investigation is warranted,

Figures 47 and 48 confirm that ferrosilicon a superior reducing
alloy to ferromanganese - silicide because of the higher activity
coefficient of silicon in the ferrosilicon alloy at any silicon level. Both
the ferrosilicon and ferromanganese - silicide alloys utilized in this
investigation are industrial alloys and are saturated with carbon,' The
solubility of carbon in ferrosilicon alloys decreases as manganese replaces
i r o a ^ , ’ This dissolved carbon substantially increases the silicon activity
coefficient and this can be shown from an analysis of previously published
data where the activity coefficient of silicon in the binary Fe-Si system
varies from O, 002 to O, 02 over the range of silicon mole fractions
from 0  to O, 3 while the corresponding activity coefficient values for
the ternary Fe-Si-G system are O, 0112 and O, 0 6 3 4 ^ ' However, 

i * 
comparable data for the Fe«Mn»Si~C system are not available but the
present investigation indicates that lower values of the activity
coefficient will exist in the quaternary Fe«Mn~Si*C system,

6,1, 4, 3 Aluminium Content of Alloy

Aluminium could be used as a reducing agent together with 
ferromanganese silicide during the production of medium - low * 
carbon ferromanganese without substantial increases to production costs,
provided small quantities of aluminium give satisfactory increases in

i

manganese yields, To assess the'effects of aluminium additions, 
experiments were carried out using increased aluminium additions to a . 
reducing alloy which always contained the samti mass’ of silicon,'
Figure 51 shows that the manganese recovery increased dramatically 
up to aluminium additions of 20 mass per cent, With increased
aluminium additions, the final aluminium conceal;ration was below O, 3

* .
mass per cent while the filial alloy silicon concentration increased 
sufficiently to produce a poor quality ferromanganese, This effect is 
explained by the competition between the more thermodynamically 
favourable aluminothermic reaction. As a result aluminium largely 
replaces silicon as the reducing agent , The aluminothermic
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reduction reaction and silicothermic reduction reactions can'be
t ' I Irepresented by equations 6, 5 ana 3. 5 respectively,,

MnO +.2/3AL » Mn + 1/3A1 O 6.'6Q C*
AG =-166000 + 20,15 T Joules (1517 to 1973°K)

The standard free energy of formation of one mole of liquid
manganese by the silicothermic process isAG° = -65600 + 10, 85 T
Joules (1686 to 1973 °K). Thus at 1‘500°C the aluminotheric reaction
has a negative standard free energy of formation of 130300 Joules
relative to one mole of liquid manganese, compared to the silicothermic
reduction reaction value of 46350 Joules, ,

« * (84)The Uquidus temperature diagrams of Osborn et al reveal
that no appreciable increases in slag liquidus temperatures occur in
slags of the CaO^MgO-Al^O^-SiO^ system even at Al^O^ contents of
35 mass per cent, when the slag MgO content is below 5 m&ss per cent,,'

Figure 51 suggests that approximately 5 mass per cent or less 
of aluminium could be used to achieve higher manganese recoveries

»

without markedly increasing the silicon content of the alloy.,
■ * * ■ « . > •  '

6,1, 5 Stirring of Re actons Melt

The majority of the reduction reactions performed during this study
were conducted without stirring* Stirring of the reacting melt was
carried out to achieve enhanced manganese recoveries more quickly
and to determine the rate coik rolling step in the reaction even though
the experimental procedure made it impossible to carry out a detailed 

i
kinetic analysis.

Stirring decreased the manganese recoveries when compared to the 
unstirred reaction, This result conflicts with that of Daines and Pehlke^^ 
who showed that for alloys containing low silicon concentrations, there 
is a marked increase in the rate of manganese mass transfer between 
the slag and the alloy, This effect is shown in Figure 25.

In the present investigation, manganese recovery decreased with 
increased stirring time . In addition manganese recoveries were

MS******!*'!-.'’
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generally lower with stirringiOver the entire range of silicon 
concentrations in the reducing alloy as shown in Figures52 and 53,'
Only the slag phase was stirred and in these two series of experiments, 
the discrepancy in manganese recoveries between the unstirred and 
stirred reactions was not caused by physical entrapment of the alloy 
within the slag phase.

The decrease in manganese recovery with stirring is believed to be 
due to a combination of two factors.' When the silicofchermic reaction 
begins the melt temperature is suddenly raised by approximately 100°C 
(Figure 34), Although the alumina stirring rod had been preheated to 
the initial furnace temperature prior to the beginning of the reaction, 
a considerable temperature difference will exi&k between the rod and 
the melt, If this stirring rod is introduced into the reaction melt, 
heat is removed from the slag-alloy system partly by the rod, In addition, 
stirring of the reacting melt after the initial violent reaction has 
subsided, ensures more rapid dissipation of the heat and faster cooling 
of the alloy and slag. Hence stirring enables the manganese and silicon 
distributions to revert more rapidly to values consistent witlv the 
furnace temperature as well as the final alloy and slag compositions,



6, 2 Comparison of Certain Aspects of this Study with Previous Work

Slag - metal relationships associated with the production of
medium - and low - carbon ferromanganese have been investigated 

/67i •by Barcza „ The studies on the reactions of the slag phase involved 1. . . <

examination of the behaviour of ore and fluxes on heating, as well 
as the behaviour of these components during oxidation and redaction,
A synthetic standard slag of 55 mass per cent MnO^ 35 mass per 
cent CaO, 5 mass per cent MgO and 5 mass per cent SiO  ̂ was used,
The composition of this slag was based on the chemical analysis of ;
Mamatwan ore and limestone, The reducing agent was a plant ’
ferromanganese ■» silicide alloy containing 11,1 mass pel* cent Fe, I
65, 6 mass per cent Mn, 22, 4 mass per cent Si and O, 46 mass per cent G» 
Bareaa used synthetic premelts and thus it is possible to compare 
reactions between an alloy and the synthetic slag to reactions between 
an alloy and a premelt from naturally occurring Mamatwan ore.

Typical results for the variation in manganese recovery with '
time agreed with the present study in that the reaction was rapid, ,
appeared to reach an apparent equilibrium within a few minutes and the 
initial reaction temperature did not affect the manganese recovery,
However recoveries using the synthetic premelts were consistently 
much higher than for* Main at wan ore premelts, The Mamatwan ore ;
tjoes contain a small amount of iron oxide which would require silicide ;
for ite reduction but the difference in manganese recovery between synthetic 
and natural premelts are substantial and cannot be explained in this :
way, The difference in itw.Aganese recovery is possibly due to !
differences in the oxidation state of the manganese when synthetic j
and natural occurring slags are compared, In natural manganese • i
slags the manganese is associated with oxygen as Mn^O^ when subjected :
to oxygon partial pressures and temperatures which are inherent in the reaction
reaction system, ’ i. ‘

The use of CaO as a flux had a much greater influence on manganese
recoveries for experiments with synthetic melts, Manganese recoveries :
increased from 32 to nearly 60 mass per cent as the CaO content j
in the premolt was increased from O to 30 mass per cent, Additions ■

• {
■ • i
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of more than 30 per cent CaO decreased manganese recovery.
This decline in recovery with increased CaO addition was also 
observed in the work in this thesis when Mamatwan ore was used and 
the alloy-to-ore ratio was 1 to 2. The drop in recovery occurred at 
a CaO addition of 15 mass per cent or approximately 27 mass per cent 
of contained CaO,

In experiments involving the replacement of CaO by MgO at a 
flux addition level of 40 mass per cent the present study shows that 
manganese recovery decreases at CaO-to-MgO ratios of less than
3, Barcza!s work showed a drop in manganese recovery at CaO-to-MgO 

, ratios of less than 1 for alloy-to«ore ratios of 1 to 2, An increase 
in manganese recovery was obtained as the CaO-to-MgO ratio dropped 
to 1,

In both studies, increasing the alloy-to-ore ratio allowed the 
reduction reaction to proceed further towards completion when plant 
ferromanganese * silicide was used, Variations of the silicon content 
of the reducing silicide alloys produced similar decreases in manganese 
recoveries after a maximum value. Barcza^7  ̂ considered the 
reduction of synthetic premelts by pure silicon and ferromanganese - 
silicide alloys containing 10, 22, 5 and 30 mass per cent silicon,'

The present study and that of Barcssa show the same general trends 
for all variations in fluxing and silicide additions, The single-stage 
reactions reveal that even for the optimum conditions, only moderate 
manganese recoveries are possible because of the establishment of 
certain silicon and manganese distributions. Further, for maximum 
manganese recovery, the silicon content of the alloy is too high for 
the usual grades of medium * and low <*■ carbon ferromanganese*
Both multi-stage or countercurrent reactions between slag and alloy are 
possible processes by which manganese recoveries can be improved.
The simplest example of a multi-stage process^^is illustrated in 
Figure 59. ,
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High grade —---- Y  \  Intermediate <r----^-Discard
slag premelt {  \ slag  ̂ \ slag

LADLE 1

Refined ^ \  /  Intermediate \ A —1—FeMnSi
ferromanganese V . — Al l oy Reductant

Figure 59* A two-stage refining process after Barcaa (67)

By reacting the correct slag and alloy compositions at specified
alloy-to-ore ratios it is possible to produce a highly refined alloy and
a discard slag with a low MnO contents in a two-stage refining' process,
Ladle 2 would be used primarily for refining of alloy whilst the reaction

(67) iin Ladle 1 would be to lower the final MnO content of the slag *

In a countercurrent reaction, a slag and a reducing alloy are 
allowed to react in a single vessel whilst the slag and the alloy flow in 
opposite directions to eaclv' other,, This ensures that a slag with a 
high manganese ccmtent'‘'will contact an alloy with a low silicon content 
whilst a slag with a low manganese content will contact an alloy with 
a high silicon content, Thus optimum manganese and silicon distribution 
ratios will be obtained,

Countercurrent reactions have the advantage that intermediate slag 
and alloy products need not be handled* This process could be adapted to 
normal plant practice far more easily than a multi-stage process which 
would envolve considerable difficulties in synchronising tapping and 
handling procedures in conventional ferro - alloy plants.



6, 3 Future Work

i
1. More detailed information is required on the activities of 
components in both the alloy and slag phases associated with the 
production of medium - and low - carbon ferromanganese to assist 
in the interpretation of the mechanisms and rates of reduction of 
manganese from fluxed and non-fluxed manganese ores,

2. The diffusion of components, particularly in the alloy phase, 
could have a major influence on the reaction rates, Diffusivities 
of both 'manganese and silicon should be measured over the 
entire composition range of ferromanganese - silicide alloys used 
in ferromanganese production,

t
3* Improvements to existing practices for the production of 
ferromanganese that require investigation are the agitation of 
reacting melts by gases and the use of a molten reducing alloy,

4, The measurement of the heat of reactions for the reduction of
m  iganese oxides from slags by alloys with different silicon contents 
should be attempted. This data would assist in the development of 
heat balances for multi-stage and countercurrent processes,

5, One aspect of the present investigation considered the effect of 
increasing silicon content of the reducing alloy on the recovery of 
manganese from the slag, Particular attention should be given to the 
unfluxed reaction series shown in Figure 44* An extension of this 
work would involve fluxing this reaction series with the aim of 
optimizing the fluxing additions for this range of silicon contents.
The proposed research could show an appreciable increase in 
manganese recovery at any silicon concentration, As first pointed outf/m\
by Bavcssa' /  this would have significant effects on industrial 
practises if a two-stags refining process were used,' The primary 
stage would concentrate on extracting manganese from ths 
manganese-rich melt without much attention to alloy refining* Thft second 
stage would then refine the intermedia1,:© silicide alloy using a high* 
grade slag which could be recycled to the pri^nry stage as shown in
Figure 59.
, i
6, Further research is required on tha utiliseiitiwn of reducing alloys



containing high silicon concentrations. Thus a mechanism might 
be proposed for the decline in manganese recovery at higher 
alloy silicon contents and the associated sudden change in the shape 
of the alloy, "



131

7- CONCLUSIONS

1, Because of the exothermic nature of the reactions, there appeared 
be no substantial increase in manganese recovery in the alloy phase for 
increasesinthe reaction temperature from 1450°C to l600°C,

2,' For an alloy~to«ore ratio of 1 to 2 and CaO additions of 20 mass 
per cent, the manganese recovery increased by 5 mass per cent ■ 
compared to the non-fluxed process,

3,' When fluxing additions of CaO were increased to 40 mass per cent 
there was an apparent increase in the MnO activity of the slag. This 
activity appeaitxlto decrease subsequently due to dilution effects
or increased slag liquidus temperatures caused by larger additions 
of CaO. *

4,' Lower manganese recoveries were obtained for stage-wise 
additions of CaO compared to reactions in which CaO had been 
incorporated into the premelt.

5, Manganese recovery declined as the G&0»t0~Mg0 ratio decreased for
■ . ’ . . I 'any particular percentage of basic fluxing additions,

6, The replacement of CaO by MgO at high levels of flux additions 
gave marked increases in slag liquidus temperatures and corresponding

. . * ’ ' ’ 
decreases in manganese recovery.

7,’ ‘The use of calcined dolomite as a flux did not appreciably lower 
the manganese recovery obtained as compared^ with the use of CaO 
as the fluxing component.

8, As the silicon contents of the alloys and the alloy ~to-ore ratio 
were increased* the recovery of manganese passed through a maximum 
and subsequently decreased. This decrease is associated, with a change 
in shape of the alloy layer which becomes spherical and may be caused 
by the formation of a solid layer of reaction product on the alloy 
surface.

9,' Ferrosilicon was abetter reducing agent than ferromanganese ̂ silicide 
for a fixed silicon concentration because of its higher silicon activity.
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10. Aluminium improved manganese recoveries from a manganese- 
bearing slag because the aluminothermic reduction reaction occurred

I *
preferentially to the silicothermic reaction and the apparent equilibrium

i
was reached at lower MnO contents in the slag*

11. Stirring of the reacting melt decreased manganese recovery from 
the slag,' This was probably dtie to more rapid dissipation of the heat of 
the reaction leading to lower melt temperatures which are associated 
with lower manganese recoveries.'

i
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APPENDIX I

Prediction of Manganese Recoveries from Alloy Mass Gains for the 
Reduction of Manganese - Containing Slags by Silicon :

Extensive use is made of the silicothermic reduction of manganese - 
containing slags in the production of medium - and low - carbon ferro­
manganese alloys, in this mass transfer process, the mass of the 
reducing alloy increases due to the mass of the iron and manganese 
extracted from the slag premelt whilst the slag basicity decreases 
because of the formation of silica according to reaction 3. 5, It
has been shown that the FeO in the slag is reduced by carbon to

/Ai
very low concentrations before reduction of MnO takes place ’ . 
During the silicothermic reduction of Mamatwan ore it was also noted 
that the FeO concentrations in the slag were rapidly reduced to low 
levels whilst MnO reduction occured aver a longer period, This 
is shown in Table 10 and confirmed by Figure23 from which it may 
be concluded that the reduction of FeO by silicon is thermodynamically 
more favourable than the reduction of MnO by silicon.

It is therefore possible to correlate mass changes of the alloy 
with the manganese recoveries from the slag premelts, Manganese 
recovery is defined as the manganese transferred from the promelted 
ore to the alloy as a function of the total manganese originally 
present in the premelted ore, Manganese recoveries can therefore 
be calculated from a combination of the alloy mass gain and alloy 
analytical results before and after reaction, or simply from the 
equation derived from theoretical considerations using the change 
in mass of the alloy,

The following derivation for manganese recovery is valid o'nce 
the FeO concentration of the slag has been reduced to its equilibrium 
value with metallic manganese (about 0,1 mass per cent)

(i) Alloy Mass Los a

Losses in alloy mass initially occur by the reduction of Fe^Oj

i



TABLE lO

TRANSFER OF MANGANESE AND IRON FROM SLAG TO ALLOY
DURING UNFLUXED REACTIONS 
Plant alloy-to~ore ratio 1 to 2

Temp 0 
0,-

lime Alloy Slag

lain Mh % tfe % Mh % ]?e %

Recovery 

Mh % Fe %

1500 0,0 65*20 11,05 46,20 16,77 0,00 0,00
0,25 70,04 12,43 42,18 4,47 10,07 25,48
0,5 76,90 16,35 30,65 0,21 32,90 91,90
1,0 76*87 16,63 30,96 0,14 32,88 97,28
2,0 77,58 16,53 31,35 0,28 33,39 94,02
3,0 77,01 16,52 29,72 0,07 34,95 98,34
4s 0 77,54 16,04 28,33 0,07 35,45 91,17
5,0 76',73 16,79 30,65 0,07 36,07 94,96

10,0 77,13 16,46 29,41 0,07 36,16 93,78
15,0 77,93 16,27 27,79 0,07 35,99 94,11

0,0 65,20 11,05 46,20 16,77 0,00 0,00
0,25 76,11 14,80 29,88 1,68 7,94 85,50
0,5 76,98 16,08 30,26 0,49 3c,28 87,58
1,0 76,44 16,46 28,72 0,21 32,28 94,02
2,0 77,15 16,62 29,18 0,14 34,40 98,62
3,0 77,30 16,48 29,18 0,14 35,14 97,70
4,0 77,05 16,52 28,48 0,X4 34,82 98,62
5,0 76,59 16,51 28,19 0,14 34,29 98,62

10,0 76,77 16,48 28,87 0,14 34,19 97,78
15,00 76,84 16,43 26,47 0,22 33,76 96,86
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and Mn_0 . to FeO and MnO without the transfer of iron or3 4
manganese from the slag to the alloy. From the ore analyses and 
the use of a standard ore mass of 25 g. , the mass of silicon used 
for each stage of the reduction can be calculated from atomic 
weight data.

An ore premelt sample contains 1, 55 g Fe^O^ and 13,116 g , Mn^O^ 
The reduction reactions are:

(a) 2Fe20 3 + Si -  4FeO + SiC>2 (1)

The silicon used to reduce 1, 55 g, Mn^G^ to FeO a O ,137 g.
(b) 2Mn G + Si » 6MnO + SiO  ̂ .......... .. (2)

The silicon used to reduce 13,116 g. Mn^O^ to MnO * 0 ,8 0 5  g.
Silicon used in the formation of FeO and MnO = 0 , 942.

(ii) Alloy Mass Gain

Alloy mass gains occur because of the overall transfer of iron 
and manganese from the slag to the alloy, Alloy mass losses occur 
because silicon is transferred from the alloy to the slag.
(a) Mass gain due to the reduction of FeO

2FeO + Si a 2Fe + Si02 - ................... (3)
From a 25 g ore sample the transfer of iron from the slag to the 
alloy is 1, 062 g. leaving a residual content of 0 ,0 9  per cent FeO 
in the final slag, This residual FeO analysis is in good agreement 
with the results of Boronenkov^^.

The alloy mass gain related to reaction (3) for the transfer of iron is

. 1 ,0 62 .x  J t h J i L  » '0,795 g
• 111, 7

At the stkrt of manganese recovery, the alloy mass loss is therefore:

0  , 942 - 0,795 a 0 ; 147g ’ . ( 4 )  '

(b) Mass gain due to the reduction of MnO

EMnO + Si a 2Mn + Si02 “  *.......... (5)
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If AMA ■ “ observed mass ;gain of the alloy then
ODS

A ■(0,147 + AM ^  ) “ mass gain due to manganese recovery.

Considering equation (4) and the relevant atomic weights, 
the mass gain of manganese is given by ;

. ,A \ 109)88 (0,147 + AM , ) x ----- -—  g.
obs 81,79 ■

As the ore premelt originally contained 9,4475 g. of manganese 
the manganese recovery can be given as

(0 ,147 +AM^ )Manganese recovery = 1,3434 obs' x ioo%
9,4475

-  14,22 (0,147 + AMA )%
• o'bs

Comparisons of the recoveries achieved using this equation, with 
recoveries determined from mass gains and analyses, are in good 
agreement, The theoretically predicted recoveries are generally 
within one per cent of the recoveries derived from analytical results 
over a range of manganese recoveries from 10 to 40 per cent as shown 
in Table 11, This result is within the limits of the experimental error 
when one considers the errors in measurement of the alloy, mass, 
alloy sampling and analytical techniques,



TABLE XI

PREDICTED AND ANALYTICAL"BASED MANGANESE
RECOVERY COMPARISONS ASSOCIATED WITH

UNFLUXED SI LICOTHERMIC REACTIONS 
Plant alloy-to-ore ratio 1 to 2

ffiemp.
°0

Eime

min

......  ■
Manganese recovery based on; 

Analysis % Prediction %

1500 0,25 10,33 10,07■

0,5 53,16 32,90
1,0 35,63 32,88
2,0 33,65 35,39
3,0 35> 22 34,95
4,0 35,77 35,44
5,0 35,70 36,07

10,0 32,60 36,16
15,0 35,10 35,99

1550 0,25 28,22 27,94
0,5 32,56 32,28
1,0 32,54 32,28
2,0 34,72 34,40
3,0 35,37 35,14
4*0 35,01 34,82
5,0 34,88 34,29

10,0 34,49 34,19
15*0 34,00 33,76
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